Neuroblastoma is a commonly occurring extracranial pediatric solid tumor without defined etiology. Polymorphisms in premiRNAs have been demonstrated to associate with the risk of several cancers. So far, no such polymorphism has been investigated in neuroblastoma. With this in mind, we performed a two-center case-control study to assess the association of genetic variants in pre-miRNAs and neuroblastoma susceptibility in Chinese children, including 393 cases and 812 controls. We found that miR-34b/c rs4938723 T > C polymorphism was significantly associated with decreased neuroblastoma risk (TC versus TT: adjusted odds ratio [OR] = 0.51, 95% confidence interval [CI] = 0.39-0.67; TC/CC versus TT: adjusted OR = 0.62, 95% CI = 0.48-0.79). We also observed the significant association between the miR-218 rs11134527 A > G polymorphism and decreased neuroblastoma risk (AG versus AA: adjusted OR = 0.73, 95% CI = 0.56-0.96). Stratified analysis further demonstrated that the protective effect of the rs4938723 T > C polymorphism remained prominent in the subgroups, regardless of age, gender, and clinical stages. In term of sites of origin, this polymorphism significantly reduced the risk of tumors originating from the adrenal gland. We further validated the significant results using false-positive report probability analyses. Overall, the miR-34b/c rs4938723 T > C and miR-218 rs11134527 A > G polymorphisms displayed a protective role from neuroblastoma. These findings need further validation.
INTRODUCTION
Neuroblastoma is one of the most commonly occurring extracranial pediatric solid tumors, which accounts for approximately 8%-10% of all childhood cancers and 15% of pediatric malignancy deaths. 1 The 10-year survival rate in patients with low-risk neuroblastoma is around 90%, whereas the long-term survival of high-risk neuroblastoma remains less than 40%, despite great advances achieved in the treatment of cancers. 2, 3 Environment risk factors for developing neuroblastoma remain undefined. 4, 5 Numerous studies have indicated that genetic factors may play a critical role in the occurrence of neuroblastoma, such as ALK gene mutations [6] [7] [8] and genome-wide-association-study-identified susceptibility loci in the CASC15, BARD1, DUSP12, DDX4, IL31RA, HSD17B12, LMO1, HACE1, LIN28B, MLF1, and CPZ genes, [9] [10] [11] [12] [13] [14] as well as polymorphisms in the FAS and FASL, 15 XPG 16 genes.
MicroRNAs (miRNAs) are non-coding single-stranded RNAs of approximately 17-22 nt in length, which is one of the largest classes of gene regulators. 17 They can bind to 3 0 UTR of mRNA to induce the degradation or translational inhibition of the corresponding mRNAs, consequently silencing target genes. 18 In the nucleus, primary miRNA (pri-miRNA) transcripts with lengths from several hundred nucleotides to several kilobases can be cleaved to generate a precursor miRNA (pre-miRNA) of about 70 nt, which can fold to form a stem-loop intermediate. 19, 20 Next, the intermediate is further processed to produce a mature miRNA. 19 Polymorphisms or mutations in the promoter or in the miRNAs sequence may lead to altered structure or expression of miRNA, thereby influencing the expression of hundreds of target genes. 21 Polymorphisms in miRNAs may modify cancer susceptibility and prognosis. [22] [23] [24] [25] The association between genetic variants in pre-miRNAs and cancer susceptibility has been investigated in various types of cancer, 26 but not in neuroblastoma. Therefore, we performed a two-center case-control study to assess the association of genetic variants in pre-miRNAs and neuroblastoma susceptibility in Chinese children.
RESULTS

Characteristics of the Participants
The demographic and clinical characteristics data of neuroblastoma cases and cancer-free controls are summarized in Table S1 . No significant differences were observed between cases and controls for the Southern Chinese children regarding age (p = 0.229) and gender (p = 0.510) and the Northern Chinese children regarding age (p = 0.484) and gender (p = 0.196).
Association of Selected Polymorphisms with Neuroblastoma Risk
As shown in Tables 1 and S2 , all of the nine selected polymorphisms (Table S3 ) were in accordance with Hardy-Weinberg equilibrium (HWE) in the controls, and the HWE p values ranged from 0.290 to 0.948, except for the miR-149 rs2292832 T > C. As a result, this polymorphism was excluded from further analyses. Of the remaining eight polymorphisms, we found that the miR-34b/c rs4938723 T > C polymorphism was significantly associated with decreased neuroblastoma susceptibility (TC versus TT: adjusted odds ratio (Table S4 ).
Stratified Analysis
We further explored the association of miR-34b/c rs4938723 T > C and miR-218 rs11134527 A > G polymorphisms with neuroblastoma susceptibility by stratified analysis ( Table 2) . We found that the protective effect of the miR-34b/c rs4938723 T > C polymorphism was significant in subgroups, regardless of age, gender, and clinical stages. Concerning sites of origin, this polymorphism tended to reduce the risk of tumors originated from the adrenal gland but not of tumors from another site. As to the miR-218 rs11134527 A > G polymorphism, the significant association was only observed in male subjects.
False-Positive Report Probability Results
We preset 0.2 as the false-positive report probability (FPRP) threshold. As shown in Table 3 , at the prior probability of 0.1, all of the significant findings for the miR-34b/c rs4938723 T > C polymorphism remained noteworthy, except for the results on subjects no more than 18 months old, males, and the allele contrast model. Moreover, the association with the miR-218 rs11134527 A > G polymorphism (AG versus AA) was also noteworthy, with a statistical power of 0.820 and the FPRP value of 0.187.
DISCUSSION
In the current two-center case-control study, we investigated the association of nine polymorphisms in pre-miRNAs with neuroblastoma susceptibility in Chinese children. We found that the For these values, the 95% CI excluded 1 or p < 0.05.
Molecular Therapy: Nucleic Acids miR-34b/c rs4938723 T > C and miR-218 rs11134527 A > G polymorphisms were significantly associated with a decreased neuroblastoma risk. The associations were further validated by stratified analyses and FPRP analyses. Our results indicate that the polymorphisms in pre-miRNAs may play critical roles in the etiology of neuroblastoma.
miRNAs can negatively regulate gene expressions at the posttranscriptional level and, thereby, affect cell proliferation, differentiation, apoptosis, metabolism, and carcinogenesis. 27 Particularly, miR-34 family members can serve as direct transcriptional targets of TP53. Loss of function of miR-34 impairs TP53-mediated cell death, while overexpression of miR-34 induces apoptosis. [28] [29] [30] miR-34b/c has been reported to target TP53 and cooperate to suppress cell proliferation and adhesion-independent growth. Furthermore, TP53 can bind to the promoter region of miR-34b/c to increase the expression of miR-34b/c. 31 The rs4938723 C > T polymorphism is located at the promoter region of pri-miR-34b/c (423 bp from the transcription start site), which may alter GATA-X transcription factor binding capacity and, consequently, affect the expression of target genes related to carcinogenesis. 32, 33 In 2011, Xu et al. 33 first found that carriers of the miR-34b/c rs4938723 T allele had a significantly increased risk of hepatocellular carcinoma. Since then, numerous epidemiology studies have been carried out to assess the role of this polymorphism in various cancers. 34 So far, no study investigating the association between miR-34b/c rs4938723 C > T polymorphism and neuroblastoma has been reported.
In the present study, we found that the rs4938723 C > T polymorphism was associated with a significantly decreased neuroblastoma risk. The miR-34b/c rs4938723 C > T polymorphism has been suggested to decrease the risk of intracranial aneurysm, 35 colorectal cancer, 36 esophageal squamous cell carcinoma, 37, 38 gastric cancer, 39, 40 and childhood acute lymphoblastic leukemia. 41, 42 Moreover, we also found that the miR-218 rs11134527 A > G polymorphism was associated with a decreased neuroblastoma risk. This finding is consistent with those of some previous studies, such as studies conducted in cervical cancer 43, 44 and esophageal squamous cell carcinoma. 45 Opposite results were also observed. For instance, Han et al. found that the same polymorphism was associated with an increased hepatocellular carcinoma risk. 46 Polymorphisms may have diverse genetic effects on cancer susceptibility, depending on different cancer types, regions, and ethnicities. It is possible that the methylation status of miR-34b/c may vary among different types of cancer, which could also have an impact on the risk of cancer. 36 This is the first and largest study to investigate the associations between polymorphisms in pre-miRNAs and neuroblastoma susceptibility in Chinese children; however, several limitations should be addressed. First, the sample size is still moderate, even though we pooled together samples from two hospitals, partially due to the low incidence rate of neuroblastoma (approximately 7.7 per million in Chinese children). 47 As a result, the statistical power of this study was relatively limited. Second, we only included nine polymorphisms in pre-miRNAs. More polymorphisms should be investigated to fully illuminate the contribution of polymorphisms in pre-miRNAs to neuroblastoma susceptibility. Third, other than polymorphisms, low-frequency coding variants and mutations undetectable by genome-wide association studies (GWASs) may also play important roles in neuroblastoma risk. 8 More comprehensive studies are encouraged. Fourth, functional analysis is warranted to prove the biological plausibility of our findings from observational studies, which would reveal the underlying mechanisms by which the significant polymorphisms modify neuroblastoma susceptibility. Additionally, in the current hospitalbased case-control study, selection bias may exist. Thus, these findings cannot be directly applied to the general population. Finally, due to the nature of retrospective studies, some demographic, environmental, and clinical characteristics were not available, which limited our ability to conduct gene-environmental interactions analysis.
In conclusion, our study provides evidence that miR-34b/c rs4938723 T > C and miR-218 rs11134527 A > G polymorphisms may play a protective role against neuroblastoma. Further prospective studies with different ethnicities and a large sample size are warranted to confirm our findings. In the near future, functional experiments www.moleculartherapy.org should be performed to explore the possible mechanisms by which these polymorphisms in pre-miRNAs modulate the development of neuroblastoma.
MATERIALS AND METHODS
Participants
The current two-center case-control study was composed of two independent retrospective studies. One study enrolled 275 histopathologically confirmed neuroblastoma cases enrolled from the Guangzhou Women and Children's Medical Center (Guangdong Province, China), mainly between February 2010 and March 2017, and 531 cancer-free controls recruited from the same hospital as we described previously. [48] [49] [50] [51] The other study incorporated 118 cases and 281 controls recruited from the First Affiliated Hospital of Zhengzhou University (Henan Province, China) from August 2011 to April 2017. 52 Informed written consent was obtained from the guardians of all participants. The study protocol was approved by the institutional review boards of the participating institutions.
Polymorphism Selection and Genotyping
Nine widely investigated polymorphisms (miR27a rs895819 T > C, miR-34b/c rs4938723 T > C, miR-137 rs1625579 T > G, miR-146a rs291016 C > G, miR-149 rs2292832 T > C, miR-196a2 rs11614913 T > C, miR-218 rs11134527 A > G, miR-423 rs6505162 C > A, and miR-608 rs4919510 G > C) were selected (Table  S3 ). The minor allele frequency for all of the nine polymorphisms was larger than 0.05. Of them, eight were located in the transcription factor binding sites, as predicted by SNPinfo (https://snpinfo.niehs. nih.gov/), and the miR-137 rs1625579 T > G polymorphism was significantly associated with schizophrenia risk. 53 Genomic DNA was mainly extracted from EDTA-anticoagulated blood samples by using the TIANamp Blood DNA Kit (TianGen Biotech, Beijing, China). 54 Genotyping was performed by TaqMan methodology. [55] [56] [57] For quality control, 10% samples were retested, and the genotype concordance was 100%.
Statistical Analysis
The c 2 test was used to compare the differences in the frequency distributions of demographic variables and genotypes between cases and Molecular Therapy: Nucleic Acids controls. The goodness-of-fit c 2 test was adopted to evaluate departure from HWE for the selected polymorphisms in control subjects. ORs and 95% CIs, calculated by multivariate logistic regression, were used to assess the association between the nine selected polymorphisms and neuroblastoma susceptibility. Additionally, stratified analyses were performed by age, gender, tumor sites, and clinical stages. Moreover, we also performed FPRP analysis to verify significant results from the combined subjects. 16, 58 All data were analyzed using SAS software (v9.4; SAS Institute, Cary, NC, USA). The p values less than 0.05 were considered as statistically significant.
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